The 3C-like protease (3CL pro ) of severe acute respiratory syndrome-associated coronavirus (SARS-CoV) is one of the most promising targets for discovery of drugs against SARS, because of its critical role in the viral life cycle. In this study, a natural compound called quercetin-3-b-galactoside was identified as an inhibitor of the protease by molecular docking, SPR/FRET-based bioassays, and mutagenesis studies. Both molecular modeling and Q189A mutation revealed that Gln189 plays a key role in the binding. Furthermore, experimental evidence showed that the secondary structure and enzymatic activity of SARS-CoV 3CL pro were not affected by the Q189A mutation. With the help of molecular modeling, eight new derivatives of the natural product were designed and synthesized. Bioassay results reveal salient features of the structure-activity relationship of the new compounds: (1) removal of the 7-hydroxy group of the quercetin moiety decreases the bioactivity of the derivatives; (2) acetoxylation of the sugar moiety abolishes inhibitor action; (3) introduction of a large sugar substituent on 7-hydroxy of quercetin can be tolerated; (4) replacement of the galactose moiety with other sugars does not affect inhibitor potency. This study not only reveals a new class of compounds as potential drug leads against the SARS virus, but also provides a solid understanding of the mechanism of inhibition against the target enzyme.
Introduction
The emergence of severe acute respiratory syndrome (SARS) in November 2002 followed by its rapid transmission posed serious challenges to public health globally. [1] [2] [3] [4] [5] By July 31, 2003, a total of 8096 SARS cases and 774 SARS-related fatalities were reported worldwide. 6 Although there have been no further reports of new SARS cases since April 2004, the disease should still be regarded as a potential serious health threat. Therefore, there is still need to study the biology, epidemiology and pathogenesis of the SARS-CoV and develop effective therapeutics for its treatment as part of strate-gic measures to manage the impact and severity of future outbreaks. 7 SARS-CoV, which bears similarities to other coronaviruses, is an enveloped, positive-strand RNA virus that contains a single-stranded RNA genome of $29,700 nucleotides. 8, 9 This large viral genome is predominated by two overlapping open reading frames that are connected by a ribosomal frame shift site to encode two replicase polyproteins, pp1a and pp1ab, that mediate viral replication. The 3C-like protease (3CL pro ) 10 plays a key role in the proteolytic release of replicative proteins from their replicase precursor polyproteins. In view of its essentiality in viral replication, the 3CL pro represents an attractive target for the development of therapeutics against SARS-CoV.
Since the emergence of SARS, much concerted efforts had been made in solving the crystal structure of SARS-CoV 3CL pro , [11] [12] [13] characterizing the structural determinants of enzyme catalysis or maturation mechanism, [14] [15] [16] [17] [18] performing structure-based inhibitor design, virtual screening, [19] [20] [21] [22] and biological activity assays against SARS-CoV 3CL pro or viral entry. 7, 13, [23] [24] [25] [26] [27] [28] [29] [30] To date, a number of small molecules with inhibitory activity toward SARS-CoV 3CL pro or viral replication have been identified. However, no effective small molecule agent has thus far been validated as a drug to treat SARS. Hence, the identification of new chemical classes of inhibitors and characterization of their interaction mode with SARS-CoV 3CL pro remains a relevant pursuit in the search for chemotherapeutic agents for the disease.
Quercetin, first reported in 1955, 31 is a water soluble flavanoid that serves as a building block for other members of the flavonoid family. This natural compound has been reported to have ameliorative effects on a host of disorders including cancer, renal, and cardiovascular disease, [32] [33] [34] [35] and have inhibitory activity toward SARS-CoV 3CL pro or viral replication. 36, 37 In this work, quercetin-3-b-galactoside (1) was identified as a potent inhibitor of SARS-CoV 3CL pro by molecular docking studies and enzymatic inhibition assays. This compound showed inhibitory activity against SARS-CoV 3CL pro with IC 50 of 42.79 ± 4.97 lM in a competitive mode. Molecular modeling strongly suggested that the residue Q189 plays a key role in the binding between quercetin-3-b-galactoside and SARS-CoV 3CL pro . To confirm this binding model, site-directed mutagenesis of the 3CL pro protease was performed. Comparative studies between SARS-CoV 3CL pro and SARS-CoV 3CL pro Q189A using CD spectroscopy, fluorescence spectra, and enzyme activity assays were conducted to determine the mechanistic effects of the Q189A mutation on enzyme-inhibitor interaction. The results indicated that while SARS-CoV 3CL pro Q189A retained the same level of biological activity as its wild-type counterpart, the inhibitory potency of quercetin-3-b-galactoside on SARS-CoV 3CL pro Q189A was decreased due to a reduction in binding affinity. To further explore the mode of binding interaction between the natural product and SARS-CoV 3CL pro , and discover more potent inhibitors, we systematically designed, with the aid of structural information from molecular modeling, and synthesized eight quercetin-3-b-galactoside derivatives (2a-h). We then tested their inhibitory activities against SARS-CoV 3CL pro . The results showed that removing the hydroxy groups on the quercetin moiety (2f-h) substantially decreased inhibitory activity; acetoxylation of the sugar moiety (2a) was unfavorable for the inhibitory activity of the compound; and introduction of a large sugar substituent on 7-hydroxy of quercetin (2e) did not adversely affect the ability of the inhibitor to functionally disrupt the SARS-CoV 3CL pro protease activity. All the experimental results were in good agreement with the molecular binding model. Thus, this work not only demonstrates quercetin-3-b-galactoside and its derivatives as a new class of SARS-CoV 3CL pro inhibitors, but also clarifies the mode of binding interaction between the flavonoids and SARS-CoV 3CL pro . The elucidation of a legible pharmacophore of SARS-CoV 3CL pro inhibitors lays the foundation for future rational drug design.
Results and discussion
2.1. Molecular docking result and possible inhibition mechanism of quercetin-3-b-galactoside against SARS-CoV 3CL pro A bioflavanoid, quercetin-3-b-galactoside (1), was discovered by virtual screening as a potent binder to the catalytic pocket of SARS-CoV 3CL pro . The predicted binding free energy, inhibitory constant, and the predicted Log P are À9.24 kcal/mol, 1.70 · 10 À7 , and 0.43, respectively. Figure 1 shows the details of the specific interactions between quercetin-3-b-galactoside and the enzyme active site. Clearly, the molecule forms hydrophobic interactions with residues Leu 141 , Asn 142 , Met 165 , and Glu 166 of SARS-CoV 3CL pro (Fig. 1A) . Meanwhile, the inhibitor forms six hydrogen bonds with residues in the vicinity of the catalytic binding pocket (Fig. 1 ). The N atom of main chain of Glu 166 forms two hydrogen bonds with quercetin-3-b-galactoside with distances of 2.88 and 3.28 Å , respectively, while the O e1 and N e2 atoms of the Gln189 side chain form four hydrogen bonds with distances of 2.62, 2.69, 3.44, and 3.68 Å , respectively. This binding model points to Gln189 as a crucial residue providing the key interaction elements for the binding of quercetin-3-b-galactoside with SARS-CoV 3CL pro . Logically then, substitution of the polar Gln189 residue to an aliphatic alanine residue would reduce the number of hydrogen bond interaction sites and thus significantly weaken the binding affinity. From the crystal structure of SARS-CoV 3CL pro , 12 it is shown that Gln189 lies in the long loop region (residues 185-200), separated from the active sites of SARS-CoV 3CL pro . Therefore, the Q189A mutation was not expected to adversely affect the catalytic capability of the enzyme but rather lead to a significant drop in its binding affinity to quercetin-3-b-galactoside. Thus, this mutational model provides a good index for assessing the correctness of our proposed docking released binding mechanism. In addition, it can be observed from Figure 1B that there is ample spatial capacity within the binding pocket of the enzyme around the 7-hydroxy group of quercetin, suggesting that this site can accommodate significant structural modification with larger chemical moieties around 7-hydroxy of quercetin (2e).
Characterization of SARS-CoV 3CL pro or SARS-CoV 3CL pro Q189A
The His-tag recombinant SARS-CoV 3CL pro and SARS-CoV 3CL pro Q189A were successfully expressed in Escherichia coli strain M15 and purified by affinity chromatography to yield 12 and 16 mg of the purified proteins per liter of culture, respectively. The purity and molecular weight of the two proteases were assessed by SDS-PAGE. CD spectra of SARS-CoV 3CL pro and SARS-CoV 3CL pro Q189A were recorded on a JASCO-810 spectropolarimeter collected with a thermal controller. Far-UV spectra of the two proteins give a positive peak at 196 nm that is characteristic of a b-sheet structure. Negative peaks at 209 and 222 nm obtained for SARS-CoV 3CL pro and SARS-CoV 3CL pro Q189A, respectively, are typical of an a-helical structure ( Fig. 2A) . Thus, the CD spectra demonstrated that the secondary structure of SARS-CoV 3CL pro Q189A is similar to that of SARS-CoV 3CL pro . 14 The evidence from CD analysis excludes the possibility of structural misfolding resulting from the mutagenesis of Gln189. Figure 2B shows the fluorescence spectra of the two proteases to be identical with a major peak at the wavelength of 330 nm.
The enzymatic activity of SARS-CoV 3CL pro and SARS-CoV 3CL pro Q189A was determined by cleavage of the fluorogenic substrate Dabcyl-KNSTLQSGLRK E-Edans according to the published method. 28 Based on the double reciprocal plots of the initial velocity proteinases are similar in vitro. Hence, experimental data from CD spectroscopy, fluorescence spectra, and enzyme activity assay indicated that SARS-CoV 3CL pro mutant was structurally and functionally similar to the wild-type protease.
Binding affinity of quercetin-3-b-galactoside to SARS-CoV 3CL pro or SARS-CoV 3CL pro Q189A
The binding affinity of quercetin-3-b-galactoside to SARS-CoV 3CL pro or SARS-CoV 3CL pro Q189A in vitro was determined using surface plasmon resonance (SPR) biosensor technology. For kinetic analysis on the Biacore3000 instrument, various concentrations of quercetin-3-b-galactoside were injected for 120 min at a flow rate of 30 lL/min to allow for interaction with SARS-CoV 3CL pro or SARS-CoV 3CL pro Q189A immobilized on the sensor chip surface. The binding curves of quercetin-3-b-galactoside with SARS-CoV 3CL pro or SARS-CoV 3CL pro Q189A are shown in Figure 4 . For the SARS-CoV 3CL pro (Fig. 4A ), quercetin-3b-galactoside results in a significant and dose-dependent increase in SPR response units (RU) and presents characteristic fast-binding and slow-dissociation curves. The concentration series of quercetin-3-b-galactoside are fitted by the 1:1 Langmuir binding model in the Bia-core3000 evaluation software for binding affinity determination. The dissociation constant (K D ) between quercetin-3-b-galactoside and SARS-CoV 3CL pro was determined as 38.41 ± 2.06 lM. This result is consistent with our molecular modeling prediction that Q189A mutation would lead to a significant drop in binding affinity. While the residue is essential for the binding of the natural product, it is not a key residue for the function of the 3CL protease. Therefore, the modeled interaction mode between the natural product and the protease is accurate. 
Design and synthesis of quercetin-3-b-galactoside derivatives (2a-h)
With the validation of our binding model between quercetin-3-b-galactoside and SARS-CoV 3CL pro , and taking into account the structural and functional similarity but contrasting binding interaction mode of the protease and its mutant ( Fig. 1) , we designed and synthesized compound 2a (Scheme 1) to determine if unprotected hydroxy sites on the sugar moiety are necessary for ligand-enzyme interaction, compounds 2f-h (Schemes 2 and 3) for demonstrating the significance of the four hydroxy groups of the quercetin compound 1 (Scheme 1) as key interactive elements, and compound 2e for proving that significant spatial volume within the binding pocket of the enzyme around the 7-hydroxy group of quercetin available to accommodate large chemical moieties. Meanwhile, compounds 2b-d were prepared to determine if the type of sugar moiety would affect inhibitory activity. The details of the synthesis procedures and structural characterization of the compounds 1 and 2a-h are depicted in Schemes 1-3, and described in Section 4.
Inhibitory activity of quercetin-3-b-galactoside (1) and its derivatives 2a-h
The inhibitory activities of quercetin-3-b-galactoside (1) toward the proteolytic activity of SARS-CoV 3CL pro or SARS-CoV 3CL pro Q189A were measured by FRET assay using a peptide substrate labeled with a pair of fluorogenic dyes. The inhibition of SARS-CoV 3CL pro slowly increased in the concentration range from 0 to 500 lM of quercetin-3-b-galactoside (Fig. 5A ). The curve finally reached steady state, which was dependent on the concentration of inhibitors. The IC 50 value of the natural product in inhibiting the catalytic activity of SARS-CoV 3CL pro was calculated to be 42.79 ± 4.97 lM by fitting the dose-response curve using a logistic derivative equation in Origin 7.0. 28 However, the IC 50 value of quercetin-3-b-galactoside against SARS-CoV 3CL pro Q189A was estimated to be 127.89 ± 10.06 lM (Fig. 5B) , which is 2-fold larger than that of SARS-CoV 3CL pro . Meanwhile, the double reciprocal plot of velocity as a function of substrate at varying inhibitor concentrations shown in Figure 6 suggests that quercetin-3-b-galactoside inhibits SARS-CoV 3CL pro in a competitive mode as well.
The inhibition assays of compounds 2a-h against SARS-CoV 3CL pro were performed in the same manner as described for compound 1. The results was summarized in Table 1 . For the primary assay, the percent inhibitions of the compounds at 50 lM were measured. Of the synthetic derivatives tested, four of these-namely 2b, 2c, 2d, and 2e, displayed remarkable inhibitory action on the catalytic activity of SARS-CoV 3CL pro (expressed as percent inhibition at 50 lM > 50%), indicating that these are good candidate inhibitors of SARS-CoV 3CL pro . The IC 50 values determined for these compounds were 24 insights into the structural determinants involved in compound-target interaction, leading to rational design and synthesis of eight quercetin-3-b-galactoside derivatives containing systematic chemical variations. Biological evaluation of inhibitory activities of these analogues (Table 1) provides the basis to formulate the structureactivity relationship (SAR) The key elements observed are: (1) removing the hydroxy groups of the quercetin moiety (2f-h) substantially decreases the inhibitory activity of the derivatives, (2) acetoxylation of sugar moiety (2a) abolishes inhibitory functions, (3) introduction of a large sugar substituent on 7-hydroxy of quercetin (2e) can be tolerated, and (4) replacement of the galactose moiety with other sugars, such as fucose (2b), arabinose (2c), and glucose (2d), had no evident effect on inhibitor potency. These observations were in good agreement with the molecular binding model.
Conclusion
A natural compound, quercetin-3-b-galactoside that has been shown to be effective for treating allergies and preventing heart disease and cancer, was identified as a new class of inhibitors against SARS-CoV 3CL pro through molecular docking, SPR and FRET bioassays, and mutagenesis studies. Both molecular modeling and G189A mutation revealed that Gln189 plays a key role in the binding of quercetin-3-b-galactoside to SARS-CoV 3CL pro . Furthermore, comparative studies of SARS-CoV 3CL pro and SARS-CoV 3CL pro Q189A employing CD spectroscopy, fluorescence spectra, and enzyme activity assay revealed no evidence that secondary structure and biological activity of the protease are affected by the mutation. Eight new derivatives of the quercetin-3-b-galactoside containing systematic chemical variations to binding elements were rationally designed under the guidance of molecular modeling and successfully synthesized. The bioassay data obtained from these new compounds demonstrate that the four hydroxy groups of the quercetin moiety are key determinants of the bioactivity of this type of inhibitors, that the spatial dimensions of the binding pocket in the vicinity of the sugar moiety and 7-hydroxy site of quercetin can accommodate large structural modifications, and that the hydroxyl groups of the sugar moiety should be unprotected to allow compound-target interaction by hydrogen bonding. Our data provide new insights into the essential interactions of quercetin-3-bgalactoside with the binding pocket of SARS-CoV 3CL pro , thus leading to a legible pharmacophore of SARS-CoV 3CL pro inhibitors that will aid future inhibitor design.
Experimental procedures

Materials
All solvents and reagents with reagent grade or ultrapure quality were purchased commercially and were used without further purifications. The vector pQE30 and the bacterial strain E. coli strain M15 were pur-chased from Qiagen. The chelating column and protein molecular weight marker for SDS-PAGE were from Amersham Pharmacia Biotech. Amicon Ultra-4 centrifugal filter devices were purchased from Millipore. The QuickChange site-directed mutagenesis kit was purchased from Stratagene (La Jolla, Calif). Analytical thin-layer chromatography (TLC) was performed on HSGF 254 (150-200 lm thickness, Yantai Huiyou Company, China). Yields were not optimized. Melting points of the compounds were measured in a capillary tube on a SGW X-4 melting point apparatus without correction. Nuclear magnetic resonance (NMR) spectra were obtained from a Brucker AMX-400 NMR (IS as TMS). Chemical shifts were reported in parts per million (ppm, d) downfield from tetramethylsilane. Proton coupling patterns were described as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad (br). Low-and high-resolution mass spectra (LRMS and HRMS) were obtained using electrospray (ESI) produced by LCQ-DECA spectrometer.
Virtual screening
The crystal structure of SARS-CoV 3CL pro (PDB entry: 1UK4) was used as the target for virtual screening on our in-house drug-like filtered ACD database (17,000 molecules) by using DOCK4.0. 38 Residues around the binding site were isolated for constructing the grids for docking screening, and the pocket composed by these residues is large enough to include residues of the binding pocket. During the docking calculations, Kollman-all-atom charges 39 were assigned to the protein, and Geisterger-Hü ckel charges 40 were assigned to the small molecules in the database. The conformational flexibility of the compounds from the database was considered during the docking. In the DOCK simulation, the ligand-receptor binding energy was taken to be approximately the sum of the van der Waals and electrostatic interaction energies. After the initial orientation and scoring evaluation, grid-based rigid body minimization was carried out for the ligand to locate the nearest local energy minimum within the SARS-CoV 3CL pro binding site. The top-3000 molecules obtained from the DOCK search were selected for further analyses. These molecules were re-scored by Sybyl/Cscore and the scoring function of Auto-Dock3.0. 41 Finally, a natural product, quercetin-3-bgalactoside, was selected for bioassay, based on the scoring results. 4.3.8. Cyanomethyl benzoate (7) . A mixture of benzoic acid (4.9 g, 40 mmol), 2-chloroacetonitrile (4.5 g, 60 mmol), and Et 3 N (8 g, 80 mmol) in CH 2 Cl 2 (25 mL) was stirred at rt for 48 h. The reaction mixture was poured into H 2 O, and extracted with EtOAc. The combined organic layer was washed, dried, filtered, and condensed, to afford 7 (5.2 g, 81%). 4.3.9. 3,5,7-Trihydroxy-2-phenyl-4H-chromen-4-one (9) . Compound 8 was synthesized from compound 7 and phloroglucinol using Chen's method. 42 A mixture of 8 (2 g, 6.9 mmol), benzoic anhydride (8.1 g, 35.8 mmol), and sodium benzoate (1.6 g, 11.2 mmol) was stirred at 170°C for 3 h. To the reaction mixture were added KOH (5 g) and EtOH (51 mL). After refluxing for 0.5 h, the greater part of the alcohol was evaporated, the residue was dissolved in water and subsequently precipitated as a brown solid by saturating the liquid with carbon dioxide, collected, washed, and dried, to afford 9 (1.1 g, 59%). Mp 175-176°C, 1 
Synthesis of quercetin-3-b-galactoside and its
4.3.10.
2-Phenyl-5,7-dihydroxy-3-b-D D-galactosyl-4Hchromen-4-one (2g). In the same manner as described for 1, 2g was prepared from 9, yield 66% (last step). Mp 162-164°C, 1 
4.3.13.
2-Phenyl-3-b-D D-galactosyl-4H-chromen-4-one (2h). In the same manner as described for 1, 2h was prepared from 11 (R 3 = H), yield 64% (last step). Mp 175-177°C, 1 
Site-directed mutagenesis of SARS-CoV 3CL pro
Since Q189 was predicted from molecular modeling to be a key residue for inhibitory activity, site-directed mutagenesis was performed by a recombination PCR method previously described to test out this hypothesis. The plasmid, pQE30-SARS_3CL pro , was constructed according to Sun et al. 44 The plasmid carrying the gene encoding the SARS-CoV 3CL pro Q189A mutant was prepared with the mutagenesis kit using pQE30-SARS_3CL pro as a template. A forward primer with a sequence of 5 0 -GGT CCA TTT GTT GAC AGA GCA ACT GCA CAG GCT GCA GG-3 0 and a reverse primer 5 0 -CC TGC AGC CTG TGC AGT TGC TCT GTC AAC AAA TGG ACC-3 0 were designed to amplify the DNA fragment encoding the entire mutant protease. Subsequently, QuickChange sitedirected mutagenesis was performed in accordance with manufacturer's instructions. The mutation was verified by DNA sequencing. After sequence analysis, the recombinant plasmid, designated pQE30-SARS_3CL pro Q189A, was transformed into competent E. coli strain M15 cells.
Protein preparation
Escherichia coli strain M15 cells containing pQE30-SARS_3CL pro were grown in 20 mL LB medium containing ampicillin (100 lg mL À1 ) and kanamycin (25 lg mL À1 ) at 37°C overnight and then inoculated into 1 L LB supplemented with both antibiotics. The expression of SARS-CoV 3CL pro was induced by the addition of 0.5 mM of isopropyl b-D D-thiogalactoside (IPTG). The cells were harvested by centrifugation at 8000g, 4°C for 10 min after induction for 5 h at 22°C. The pellet was washed, frozen, and then disrupted by sonication against the binding buffer (20 mM Tris-HCl, 0.5 M NaCl, and 10 mM imidazole, pH 8.0). The lysate was centrifuged at 18,000g for 30 min at 4°C to pellet the cellular debris. The supernatant was then added to a HiTrap Ni 2+ chelating column (1 mL) pre-equilibrated with the binding buffer, followed by washing with 20 mL of washing buffer (20 mM Tris-HCl, 0.5 M NaCl, and 60 mM imidazole, pH 8.0). The protease of interest was eluted with 10 mL elution buffer (20 mM Tris-HCl, 0.5 M NaCl, and 300 mM imidazole, pH 8.0). The freshly prepared protease was dialyzed against the appropriate buffer as required. The purified SARS-CoV 3CL pro was concentrated by Amicon Ultra-4 centrifugal filter devices (Millipore) with molecular cutoff at 10 kDa. The expression and purification of SARS-CoV 3CL pro Q189A were performed using the same procedure as for SARS-CoV 3CL pro . The purity and molecular weights of SARS-CoV 3CL pro and SARS-CoV 3CL pro Q189A were verified by SDS-PAGE.
Circular dichroism (CD) and fluorescence spectral analyses
CD spectra of the wild and mutant type protease were determined on a JASCO-810 spectropolarimeter collected with thermal controller according to Chen et al. 16 The protein sample was prepared in 20 mM sodium phosphate, pH 7.4, 100 mM NaCl at 25°C at a concentration of 10 lM. Far-UV CD spectra from 195 to 250 nm were collected with 1 nm bandwidth using a 0.1-cm path length cuvette and normalized by subtracting the baseline recorded for the buffer under identical conditions. The fluorescent measurement was performed on a HITACHI F-2500 fluorescence spectrophotometer connected with a thermostat. Two proteases were prepared in the same buffer and were diluted to the final concentration of 10 lM. The emission fluorescence intensity was monitored separately from 300 to 500 nm wavelengths upon excitation at 280 nm (slit width 2.5 nm) at 25°C. The scan speed was 300 nm/min and the PMT voltage was 400 V. Each measurement was repeated three times, and the final result was the average of the three independent scans.
Enzyme activity assay
The activity of SARS-CoV 3CL pro or SARS-CoV 3CL pro Q189A was measured by cleavage of the fluorogenic substrate Dabcyl-KNSTLQSGLRKE-Edans based on the reported protocols. 28 Briefly, the fluorescence intensity was monitored on a GENios microplate reader (TECAN) and the enzyme activity was determined by the increase in fluorescence upon continuous monitoring of the reactions in 96-well black microplates (BMG LABTECH) with the wavelengths of 340 and 488 nm for excitation and emission, respectively. Kinetic parameters (K m and k cat ) of SARS-CoV 3CL pro or SARS-CoV 3CL pro Q189A were determined by incubation of the fluorogenic substrate with varied concentrations ranging from 5 to 200 lM, and 1 lM SARS-CoV 3CL pro or SARS-CoV 3CL pro Q189A at 25°C. The reaction velocity (v 0 ) for each substrate concentration was averaged from three assay results. K m and k cat values were calculated by using a Lineweaver-Burk plot.
Inhibition activity assay
The inhibition activity of quercetin-3-b-galactoside or its derivatives against SARS-CoV 3CL pro or SARS-CoV 3CL pro Q189A was measured by a quenched fluoresence resonance energy transfer (FRET) assay with the fluorogenic substrate Dabcyl-KNSTLQSGLRKE-Edans. A stock solution of the substrate was dissolved in sterile H 2 O and stored at À20°C. The SARS-CoV 3CL pro or SARS-CoV 3CL pro Q189A (1 lM) and the test compounds (from 0.1 to 500 lM) were incubated for 2 h at 4°C and the reaction was initiated by adding the substrate to the desired final concentration (10 lM). The enzyme activity was determined by the increase in fluorescence upon continuous monitoring of the reactions in 96-well black microplates (BMG) using wavelengths of 340 and 488 nm for excitation and emis-sion, respectively. Reactions were run with continuous monitoring of fluorescence for 60 min at 25°C on a GENios (TECAN). The initial velocities of the inhibited reactions were plotted against the different inhibitor concentrations to obtain the IC 50 values by fitting according to the analysis method as previously reported. 28 
